Introduction
Papillary thyroid carcinoma (PTC) is the most common malignancy affecting the thyroid. Approximately 50% of patients with PTC have lymph node involvement when diagnosed, with up to 20% having an enlarged lymph node as the presenting symptom. Metastatic spread of PTC most often occurs in ipsilateral cervical lymph nodes, detection of which is important in planning selective lymph node dissection. 1, 2 When thyroid carcinoma is suspected, each nodal station in the neck is examined by B-mode and color or power Doppler ultrasound (US) for the presence of abnormal features, which include calcification, increased or irregular peripheral vascularity, round shape, size, loss of fatty hilum, hyperechogenicity relative to adjacent muscle, thickened cortex, or cystic change (figures 1 and 2). The diagnostic yield of these findings varies when considered individually, with wide ranges for sensitivity (20 to 93%), specificity (70 to 100%) and accuracy (55 to 90%). 2, 3 Loss of fatty hilum (LOFH) is the most common finding in metastatic lymph nodes, but the sole finding of LOFH has a low yield in differentiating benign from malignant lymph nodes. LOFH has even been found to decrease accuracy when included in the diagnostic criteria. 2, 4 Approximately 40% of all PTC lymph node metastases undergo cystic degeneration, which is associated with the common finding of dark/black nodes during surgery. 1, 5, 6 This finding on US is highly specific for metastatic disease, approaching 100%, but it is often found to have a low sensitivity (20 to 30%). 2, 3, 7 Some US findings require a degree of clinical judgment for accurate interpretation, but most studies agree that the overall utility of preoperative US of cervical lymph nodes in patients with diagnosed thyroid cancer is strong. Stulak et al reported 84% sensitivity, 98% specificity, and 95% accuracy with B-mode US in these patients. 8 Metastasis in abnormal-appearing lymph nodes on US can be subsequently confirmed with a fine-needle aspiration biopsy (FNAB). Central as well as lateral lymph node neck dissection is recommended at the time of thyroidectomy in cases of confirmed metastasis.
sAADI, LARUssO, VIJAy, gOLDENbERg Additionally, diagnosis of lymph node invasion on presentation also serves as an important prognostic indicator for locoregional recurrence after the initial surgery. 10, 11 Approximately 30% of patients may develop recurrence following resection of primary disease, which is often associated with increased morbidity and mortality.
12-14 PTC most often recurs or persists in cervical lymph nodes; therefore post-thyroidectomy surveillance with sonography of the neck and measurement of serum thyrogobulin level is required in the first 6 to 15 months and at regular intervals thereafter. The frequency with which patients are evaluated depends on serum thyroglobulin level and other risk factors. 9 In evaluating recurrent disease, US findings have a reported sensitivity of 90%, specificity of 79%, and accuracy of 87.9%. 8 The propensity of PTC for lymphatic spread and its effect on management of the disease underscores the need for accurate evaluation of cervical lymph nodes before and after thyroidectomy.
Elastography is a novel imaging modality that can be used clinically to assess elasticity of soft tissues. Elasticity is a parameter based on the strain or deformation of tissue in response to a physical force. Most malignancies reliably exhibit reduced elasticity and increased stiffness due to the nature of neoplastic growth, making this procedure a promising new development in the diagnosis of cancerous and metastatic foci.
The elastrography technique involves applying a force on the tissue and subsequently imaging the resultant deformation. This technique initially required the operator to physically push the transducer into the tissue to be examined, now termed quasi-static imaging. The unintended variable with this technique was the differences in the degree of pressure applied by each observer. In efforts to increase objectivity and reproducibility, the acoustic radiation force impulse (ARFI) technique was developed, which involves emitting acoustic pulses inside tissue to generate micron-scale displacement. 15 The distortion of tissues can be observed by ultrasonographic imaging, and areas of decreased strain can be recorded, creating a map of elasticity, known as an elastogram (figures 3 and 4). Additionally, whereas deformation can provide qualitative indications of tissue stiffness, measuring the speed of the shear wave, which is the speed with which the tissue wave travels perpendicularly from the pulse, can provide quantitative measurements of higher clinical value. 16 Newer ARFI models can be used to measure shear wave velocity, which is inversely proportional to tissue elasticity, providing a means of numerical data collection. 17 Supersonic shear imaging (SSI) or shear wave elastography (SWE) combines the technology of an applied ultrasonographic beam with ultrafast US imaging to create real-time, quantitative maps of tissue stiffness. 18 Many newer models of US machines now have ARFI and/or SSI/SWE-based capabilities.
Review of literature
We searched PubMed and Ovid using key words elastography, cervical, lymph node, and malignancy from December 2014 to February 2015 for articles that were published over the past 5 years. Excluded from our review were studies that focused on other neck tissue, such as the thyroid gland; studies of lymph nodes in other areas of the body, such as the axilla; and studies on patients without cervical node malignancies. Here, we review the current literature on the use of elastography in diagnosing metastatic invasion of cervical lymph nodes.
Quasi-static elastography. To collect numerical data with the quasi-static method, Lyshchik et al used the lymph node strain index, or the muscle-to-lymph node strain ratio, and found that a cutoff value of 1.5 was associated with 98% specificity, 85% sensitivity, and 92% specificity. 19 This was a prospective study, and the inclusion criterion was preoperative suspicion of thyroid cancer (74% with PTC) or hypopharyngeal cancer. The Sonoline Elegra US scanner (Siemens; Malvern, Pa.) was used for elastographic and US imaging. Diagnosis was confirmed by histopathologic examination after surgical excision. The authors encountered issues in imaging in the neck due to noise from nonaxial motion of lesions and pulses from the carotid artery. 19 Alam et al created a scoring system associated with five qualitative elastographic patterns. 20 This study compared elastography to B-mode US in distinguishing reactive vs. metastatic processes in enlarged cervical nodes. Sensitivity, specificity, and accuracy of B-mode US were 98, 59, and 84%, respectively, compared with 83, 100, and 89%, respectively, with free-hand elastography. They also found that when the two methods were used together, overall diagnostic accuracy was 93%, which was superior to that with either strategy used alone. Lymph nodes were diagnosed by histopathology, and metastatic nodes represented a variety of primary malignancies, including squamous cell, thyroid, and breast carcinoma.
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ARFI elastography. Fujiwara et al showed that ARFI-induced shear wave velocities could be useful in differentiating reactive from malignant lymph nodes. 21 Shear wave velocities of reactive lymph nodes were significantly lower at 1.52 ± 0.48 m/s than that of malignant nodes, which were 2.46 ± 0.75 m/s. In the study, the best cutoff value was 1.9 m/s, which provided a 95% sensitivity, 81.8% specificity, and 88% accuracy. The receiver operating characteristic (ROC) area under the curve (AUC) was 0.923 (95% confidence interval [CI]: 0.842 to 1.000). Final diagnosis was based solely on histopathologic results. Imaging was performed with a Siemens S2000 US system, and measurements were taken three times and averaged.
Fujiwara et al also reported that in 40% of the patients with confirmed malignant disease, the shear wave velocity could not be recorded by the machine (value X.XX recorded) because of the necrotic or liquid component of the tissue. 21 Immeasurable shear wave velocity in lymph nodes by elastography was found to always harbor metastasis in this study. The study was small and retrospective and included patients with a variety of primary cancer sites including squamous cell carcinoma, PTC, and lymphoma. Only patients with lymph node swelling were included in the study, and measurements were made preoperatively. 21 Meng et al reported similar findings with ARFI-based imaging. This study showed shear wave speed for benign lymphadenopathy to be 2.01 ± 0.95 m/s and shear wave speed of malignant lesions to be 4.61 ± 2.56 m/s. 22 They found the most accurate cutoff value to be 2.595 m/s, and with the ROC curve, this value predicted malignancy with 82.9% sensitivity and 93.1% specificity and gave an AUC of 0.906 (95% CI: 0.857-0.954). Also, 93.6% of malignant nodes were noted to be substantially darker than surrounding tissue on elastogram, whereas only 28.4% of benign nodes were qualitatively defined in this way.
Imaging in the Meng study was performed with the Siemens S2000 US machine, and measurements were taken five times and averaged. 22 The machine recorded X.XX m/s in a few subjects, with the suspected reason being interference by micro-and macrocalcification in the region of interest (ROI). This was a prospective study and cervical lymph nodes were included only if at least one abnormality was found on conventional US, such as increased size, roundness, calcifications, or disordered vasculature. As a result, final diagnoses were quite varied, including metastatic nodes from a wide range of malignancies and reactive nodes, tuberculous nodes, and necrotizing granulomatous lymphadenitis. 22 
Figure 3. An ultrasonographic image of a normal cervical lymph node is shown (left). The same node is displayed with a color mapping elastogram using Virtual Touch Imaging (Siemens), acoustic radiation force impulse-based elastography with a shear wave velocity of 1.51 m/s in the region of interest (right).
sAADI, LARUssO, VIJAy, gOLDENbERg Supersonic shear impulse/SWE. Bhatia et al found that with real-time SWE, malignant cervical lymph nodes were significantly stiffer (median: 25.0 kPa, range: 6.9 to 278.9 kPa) than benign nodes (median: 21.3kPa, range: 8.9 to 30.2 kPa). 23 A cutoff value of 30.2 yielded the highest accuracy of 61.8%, with 41.9% sensitivity and 100% specificity. They also found that malignant lymph nodes were more likely to have heterogeneous elasticity, even when the nodes appeared uniform on US.
Nodes with cystic spaces had foci with no elasticity signals due to failure of shear waves to travel through liquids; the vast majority of these nodes were malignant. This was a prospective study conducted on patients undergoing US evaluation, and results were confirmed by FNAB for cytology. A variety of primary malignancies was found in malignant nodes, and no subgrouping of elastography results based on histology was performed. 23 Choi et al found higher values for sensitivity, specificity, and accuracy (91%, 97%, and 94%, respectively) than did Bhatia et al, with a cutoff of 19.44 kPa. 24 The ROI of the SWE measurements was placed in the stiffest-appearing areas of the lymph nodes to obtain the maximum shear wave elasticity modulus, which was significantly higher in metastatic (41.06 ± 36.34kPa) than in benign (14.226 ± 4.19 kPa) nodes. They compared these values with those of traditional gray-scale US, which had sensitivity of 88%, specificity of 94%, and accuracy of 91%.
Lymph nodes were considered malignant in the Choi study if they had one of the following criteria by US: LOFH, heterogeneity in cortex, calcification, cystic or necrotic area, or a long-to-short axis diameter ratio greater than 2.0. 24 Multivariate regression analyses for US (r = 0.837) and elastography (r = 0.882) were not significantly different but were independently associated with metastatic nodes. This was a prospective study, and patients were included if they had confirmed head and neck malignancies (67 lymph nodes from 15 patients) and if the final diagnosis was based on histopathologic examination of surgical specimens. Most patients and metastatic lymph nodes that were evaluated had PTC. 24 A retrospective study by Jung et al examined cervical lymph nodes using SWE preoperatively in patients with PTC, exclusively. 25 This study showed that elasticity indices of the region of interest of Emean, Emin, Emax, and the calculated ratio with the surrounding muscle of Emean-m were all significantly higher in metastatic lymph nodes, with highest accuracy (72.6%) using Emean with a cutoff value of 29 kPa. B-mode US accuracy was 78.57%, but they found that Emean significantly improved diagnostic performance of B-mode US when used adjunctively (AUC increased from 0.738 to 0.811). Additionally, quantitative SWE values were significantly higher when extranodal extension of metastasis was present, and correlated with the number of positive lymph nodes per lymph node dissected, thereby predicting prognostic factors of lymph node metastasis. The values were measured at the stiffest portion of the lymph nodes and correlated to histopathologic findings. Suspicious lymph nodes based on US were included, and final diagnosis was by FNAB or surgical specimen depending on indication. 25 
Discussion
The articles reviewed in the present study are quite varied in terms of techniques used, methods of data collection, and types of primary malignancies. However, malignant nodes were shown consistently to be significantly stiffer and more heterogeneous, even when measured by different forms of elastography.
Most studies agree that the diagnostic value of elastography is at least comparable, if not in some ways superior, to B-mode US, the current standard of care for papillary thyroid carcinoma. When compared directly, it appears that the technology trends towards higher specificity and lower sensitivity than US. More importantly, elastography seems to increase AUC values when used in conjunction with B-mode US.
Also, specific types of histology likely produce different degrees of elasticity, although all malignant tissues are generally stiffer than benign tissues. A recent study documented that even SWE measurements of malignancies limited to the thyroid revealed disparity in stiffness based on histopathologic properties. 26 This highlights the need for prospective studies in a specific patient population to develop definitive elastographic criteria. Limiting the variation of primary malignancies or subgrouping based on histologic type may help to achieve this goal.
PTC has a significant probability of cervical lymph node invasion and recurrence. As such, PTC may be an excellent model for developing diagnostic elastographic criteria. Jung et al show that in this population of patients, elastography can reliably detect metastasis, predict prognostic factors such as extranodal spread, and increase accuracy when used in combination with B-mode US. 25 Many lymph nodes with PTC tend to undergo cystic degeneration. As noted by Fujiwara et al and Meng et al, any fluid component present in a lymph node cannot be read by elastography ( figure 5) . 21, 22 However, if elastography can detect cystic change reliably, it may represent a potential advantage in diagnosis because US has a low sensitivity for cystic change (20%) and cystic change can be a cause of false negatives and false positives in FNAB. 3, 5 Unreadable elastography results may therefore serve to aid in diagnosis and raise suspicion of a subsequent, hypocellular FNAB. Furthermore, cystic necrosis has been found to predict the presence of BRAF V600E mutation, advanced disease, and decreased survival. [27] [28] [29] [30] Therefore, presence of cystic change by elastography may serve as an independent prognostic and diagnostic criterion for malignancy. Whether fluid collections smaller than those visualized by US may be detected by values of X.XX on elastography remains to be determined.
Currently, screening by US could benefit from more definitive numerical criteria, as it relies heavily on morphologic findings and, specifically, the type of morphologic abnormalities present. Size criteria can be difficult to quantify as the size of lymph nodes can vary in different levels of the neck. 31 US findings of calcification and cystic necrosis are specific (100%), but sensitivity for these features is only about 50% and 20%, respectively.
3 LOFH, the most common finding in metastatic lymph nodes, has been shown in some cases to decrease overall accuracy when included in criteria. 2 FNAB is a minimally invasive procedure that has high diagnostic performance but may be avoided if elastographic data are used in cases with solitarily lowyield ultrasonographic findings, such as LOFH.
The quantifiable data gained by elastography may serve as a specific cutoff for disease, and numbers may be trended over time to uncover changes in tissue consistency early during the close follow-up required after surgical resection in patients with PTC. Ultrasonography may have less accuracy in diagnosing recurrence than in diagnosing initial metastatic spread, so elastographic trending may be particularly helpful during this period of patient management. 8 As mentioned above, typical advanced findings of disease such as necrosis with calcification and fluid components cannot be quantified by elastography. However, it can be argued that quantification is no longer necessary in the presence of such specific and concerning findings. Although it has not yet been studied, it stands to reason that abnormalities may be apparent on elastography before US, considering B-mode sonography requires visualization of structural changes, whereas elastography measures changes in cellular composition. Because the technology has now become standard in many US machines, the use of elastography in combination with required US screening in PTC patients is a cost-and time-effective strategy that may improve overall accuracy.
Many studies mentioned possible flaws in evaluation of malignancy by elastography. Calcifications and necrotic or cystic change have been noted to interfere with elastographic readings; however, this is less of a problem in cervical lymph nodes in the setting of PTC, where these findings would be highly specific for malignancy.
Some other concerns for elastography in the neck are the curvature and mobility of the neck, selection of representative regions of interest in heterogeneous tissue, and interference by carotid pulses. 19, 21, 22, 32 Methods that have been used in the presently reviewed studies for managing these issues are: applying minimal pressure to the neck with the probe, measuring maximum values of elasticity in heterogeneous tissue, and orienting the probe longitudinally to the plane of the carotid.
Conclusion
PTC has a high rate of spread to cervical lymph nodes and locoregional recurrence with relatively characteristic histology. Elastography has been shown to detect metastatic change reliably and would likely be useful in improving screening, determination of prognosis, and management. Currently, elastographic imaging of cervical lymph nodes requires further prospective studies in patient populations with the same primary cancer, preferably one with a propensity for spread to cervical lymph nodes, such as PTC. Success of the technology can be determined after consistent, reproducible elastographic criteria of malignant node invasion are created. Given the research so far, elastography is extremely promising as a diagnostic imaging modality in the neck, especially the techniques that limit user variability, such as ARFI and SWE.
